The lipid kinase phosphatidylinositol 4-phosphate 5-kinase (PIP5K) produces a versatile signaling phospholipid, phosphatidylinositol 4,5-bisphosphate. Three PIP5K isozymes, PIP5K1A, PIP5K1B, and PIP5K1C, have been identified in mammals so far. Although the functions of these three PIP5K isozymes have been extensively studied in vitro, the in vivo physiological roles of these PIP5K isozymes remain largely unknown. In this study, we examined the functions of PIP5K1A and PIP5K1B in spermatogenesis, using Pip5k1a-knockout (KO), Pip5k1b-KO, and Pip5-k1a/Pip5k1b double (D)-KO mice. Pip5k1a-KO and D-KO males were subfertile and completely sterile, respectively. F-actin in the seminiferous epithelium was disorganized in the D-KO mice, although F-actin bundles at the apical ectoplasmic specialization was not affected. D-KO seminiferous tubules contained a greatly decreased number of elongated spermatids. Flagella of sperm from Pip5k1a-KO and D-KO mice remarkably underwent morphological change, whereas Pip5k1b-KO sperm were morphologically normal. Notably, the flagellar shape of D-KO sperm was more severely impaired than that of Pip5k1a-KO sperm. These results suggest that PIP5K1A and PIP5K1B may coordinately and/or redundantly function in the maintenance of sperm number and morphology during spermatogenesis. development, fertility, knockout mouse, phosphatidylinositol 4-phosphate 5-kinase, spermatogenesis, testis
INTRODUCTION
The membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ), which is present mainly in the inner leaflet of the lipid bilayer of the plasma membrane, is implicated in a wide variety of cellular signaling pathways. PIP 2 is hydrolyzed by phosphoinositide-specific phospholipase C to generate two lipid second messengers, inositol triphosphate (IP 3 ) and diacylglycerol, or is phosphorylated by phosphatidylinositol 3-kinase (PI3K) to yield another bioactive lipid, phosphatidylinositol 3,4,5-triphosphate (PIP 3 ). Importantly, PIP 2 itself functions as a signaling molecule involved in a wide variety of cellular events, including reorganization of actin cytoskeleton [1] [2] [3] [4] , endocytic and exocytic membrane trafficking [5, 6] , modulation of ion channels [7] [8] [9] , epithelial cell morphogenesis [10] , and cell survival or apoptosis [11, 12] . In addition to these roles at the plasma membrane, PIP 2 may play an unidentified role(s) in the nucleus, because localization of this lipid to the nucleus has been recently reported [11] .
Cellular production of PIP 2 in response to various stimuli, such as hormones, neurotransmitters, and growth factors, is mediated primarily by the action of lipid kinase phosphatidylinositol 4-phosphate 5-kinase (PIP5K). Three isozymes of mammalian PIP5K, a, b, and c, have been identified so far [13] [14] [15] . The nomenclature of PIP5K isozymes between human and mouse is confusing: human isozymes a and b correspond to mouse proteins b and a, respectively. To avoid this confusion, we hereafter refer to human PIP5Ka (mouse PIP5Kb) as PIP5K1A, to human PIP5Kb (mouse PIP5Ka) as PIP5K1B, and to human/mouse PIP5Kc as PIP5K1C, according to the nomenclature by Mouse Genome Informatics. It has been shown that PIP5K isozymes are involved in diverse cellular events through its product PIP 2 [1, [16] [17] [18] [19] [20] . At the whole-animal level, PIP5K1B and PIP5K1C have been thought to play an important role in anaphylaxis and neural/heart development, respectively [21] [22] [23] . Recently, both PIP5K1A and PIP5K1B have been shown to be involved in platelet aggregation [24] . We individually speculate that PIP5K1A and/ or PIP5K1B play a role(s) in spermatogenesis, because these two proteins are highly expressed in the testis [13] .
Spermatogenesis is a complex developmental process. Diploid spermatogonia proliferate to produce spermatocytes and then meiotically divide into haploid spermatids. Spermatids undergo morphological change to become elongated spermatids with a flagellum that develop to spermatozoa. Differentiating germ cells interact with Sertoli cells, the sole somatic cells in the seminiferous epithelium, and move toward the lumens of seminiferous tubules as differentiation progresses [25] . The interaction between Sertoli cells and elongated spermatids is supported by a specific adhesion structure, the apical ectoplasmic specialization (ES), crucial for the maintenance of elongated spermatids and sperm (reviewed in ref. [26] ). The lipid signaling molecules such as PI3K and PIP 3 -specific lipid phosphatase PTEN have been shown to localize to the apical ES and to regulate spermatogenesis [27, 28] . In contrast, regulation of spermatogenesis by PIP5K isozymes has not been reported.
Here, we focus on the physiological significance of PIP5K1A and PIP5K1B in spermatogenesis, based on the phenotypes of Pip5k1a-knockout (KO), Pip5k1b-KO, and Pip5k1a/Pip5k1b double (D)-KO mice. Pip5k1a-KO and D-KO males were subfertile and sterile, respectively. Furthermore, sperm from these two mutant mice showed abnormal morphology and impaired motility. Indeed, D-KO sperm completely failed to fertilize eggs in vitro. These results open a new avenue for understanding PIP5K-mediated signaling in spermatogenesis.
MATERIALS AND METHODS
All experiments with mice were conducted ethically according to the Guidelines for Proper Conduct of Animal Experiments, Science Council of Japan. Experimental protocols were approved by the Animal Care and Use Committee, University of Tsukuba.
Mutant Mice
ICR and W/Wv mice were obtained from Japan SLC, Inc. (Shizuoka, Japan). Pip5k1b-KO mice were produced as previously described [22] . Pip5k1a-KO mice were generated by replacing exon 5 with the neomycinresistant gene Neo r (Supplemental Fig. S1 ; all supplemental data are available online at www.biolreprod.org). Briefly, homologously recombined E14 ES cells were injected into blastocysts to obtain chimeric mice. The F1 descendants were mated with AyuI-Cre mice, which were kindly provided by Drs. S. Ema and S. Takahashi, University of Tsukuba, Japan, to delete Neo r . The heterozygous mice were mated to establish the Pip5k-KO mouse lines. Pip5k1a þ/À /Pip5k1b À/À pairs were used to obtain D-KO mice. The wild-type (WT) and mutated alleles on the Pip5k1a and Pip5k1b loci were identified by PCR using oligonucleotide primers listed in Supplemental Table S1 .
Preparation of Antibodies Specific for PIP5K Isozymes
Synthetic peptides corresponding to the C-terminal amino acid sequences of mouse PIP5K isozymes were used as antigens to obtain antisera specific for PIP5K1A, PIP5K1B, and PIP5K1C, as follows: CMPVKKIGHRSVDSSGE, CAENGDAVPGKQNEEKTY, and CASQASEPASQASDEEDAPSTDIYF for PIP5K1A, PIP5K1B, and PIP5K1C, respectively. These three peptides were conjugated to keyhole limpet hemocyanin and subcutaneously injected into New Zealand White rabbits. Immunoglobulin G (IgG) in the antisera was precipitated by addition of ammonium sulfate (50% saturation), dialyzed against 10 mM potassium phosphate (KPi) buffer (pH 7.5), purified by using a Protein A Sepharose 4 Fast Flow column (GE Healthcare Biosciences KK, Tokyo, Japan), and dialyzed against 20 mM KPi buffer (pH 7.5). The PIP5K isozyme-specific antibodies were further purified by affinity column chromatography using Affi-Gel 10 gel (Bio-Rad Laboratories, Inc., Tokyo, Japan) conjugated with the antigen peptides. The affinity-purified antibodies were dialyzed in 10 mM HEPES buffer (pH 7.5), concentrated, and then stored at À808C until used.
Western Blotting
Mouse tissue lysates were prepared as described previously [19] with minor modifications. Briefly, mouse tissues were minced in ice-cold PBS and homogenized in a lysis buffer consisting of 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, and protease inhibitor cocktail (Nacalai Tesque, Inc., Kyoto, Japan) on ice. SDS was added to the homogenate to give a final concentration of 1%. Lysates were sonicated on ice and centrifuged at 1000 3 g for 20 min at 48C. Proteins (30 lg) in the supernatants were separated with 10%-SDS polyacrylamide gels, and transferred onto FluoroTrans polyvinylidene fluoride membranes (NIPPON Genetics Co., Ltd., Tokyo, Japan). The membranes were blocked with a skim milk buffer containing 5% skim milk, 50 mM Tris-HCl (pH 8.0), 2 mM CaCl 2 , 80 mM NaCl, and 0.2% Nonidet P-40 at room temperature (RT) for 1 h and incubated with primary antibodies at RT for 2 h or at 48C overnight. After being washed with PBS containing 0.05% Tween-20, the membranes were incubated with horseradish peroxidase-conjugated antirabbit secondary antibody (Cell Signaling, Danvers, MA) for 1 h at RT. Immunoreacted proteins were visualized using LAS-4000Vmini (Fujifilm, Tokyo, Japan) with an enhanced chemiluminescence detection reagent, ChemiLumi One (Nacalai Tesque, Inc.). Antibodies against a-tubulin and actin were purchased from Sigma-Aldrich (St. Louis, MO), and anti-glutaraldehyde 3-dehydrogenase (GAPDH) antibody was from Millipore (Billerica, MA).
Histological Analysis
After mice were perfused with 4% paraformaldehyde-PBS, their testes were postfixed in the same solution at 48C for 3 h, incubated with 30% sucrose-PBS at 48C overnight, and embedded in OCT compound (Sakura Finetek Japan, Tokyo, Japan). Testicular sections (10 lm thick) were prepared using a cryostat (Leica Microsystems, Wetzlar, Germany). The sections were boiled in 10 mM citrate buffer (pH 6.5) in a microwave oven; incubated in 0.1% Triton X-100-PBS for 15 min; washed with PBS containing 0.1% Tween-20; blocked with a blocking solution containing PBS, 1.5% rabbit or goat serum, and 0.1% Tween-20; and incubated with primary antibodies at 48C overnight and then with secondary antibodies at 48C for 3 h. The sections were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI), and PIP5K1A and PIP5K1B signals were detected using an EnVision/HRP and diaminobenzidine substrate kit (DAKO Japan, Kyoto, Japan) according to the manufacturer's instructions. Antibodies against occludin and TJP1 (ZO-1) were purchased from Zymed Laboratories (Invitrogen Japan). Anti-nectin 3 antibody and rhodamine-phalloidin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and Molecular Probes (Invitrogen Japan), respectively. Secondary antibodies, Cy3-conjugated anti-goat IgG, and Alexa488-conjugated anti-mouse and anti-rabbit IgG were purchased from Jackson ImmunoResearch Laboratory, West Grove, PA, and Invitrogen Japan, respectively.
To prepare paraffin sections, tissues were fixed in Bouin solution (saturated picric acid solution:formaldehyde:acetic acid [15:5:1]), dehydrated, and then embedded in paraffin. Sections (4 lm thick) were stained with hematoxylin and eosin (H&E) or with periodic acid-Schiff (PAS)-hematoxylin. For bromodeoxyuridine (BrdU) staining, BrdU solution was administered to adult mice by intraperitoneal injection (50 mg/kg). Mice were perfused 4 h or 14 days after injection, and the testes were fixed as described above. The frozen sections were prepared using a cryostat. BrdU incorporation was determined by a Mouse on Mouse (M.O.M.) immunostaining kit (Vector Laboratories, Inc., Burlingame, CA) using goat anti-BrdU antibody (BD Biosciences, Franklin Lakes, NJ).
Quantification of Sperm Numbers
Numbers of testicular and epididymal sperm were measured according to the Triton-X solubilization method [29] . Briefly, testicular and epididymal tissues were homogenized in PBS containing 0.05% Triton X-100. Dispersed cells were stained in 0.2% trypan blue. The sperm numbers were counted using a brightfield microscope (Keyence co., Osaka, Japan).
Immunostaining of Epididymal Sperm
Cauda epididymal sperm were incubated in 0.2 ml of a modified KrebsRinger bicarbonate solution (TYH medium) [30] containing Hoechst 33342 dye (2.5 lg/ml; Invitrogen Japan) and MitoTracker Green FM (2.7 lg/ml; Invitrogen Japan) under 5% CO 2 in air at 378C for 10 min. Dispersed sperm were centrifuged at 800 3 g for 10 min, washed with PBS, and fixed on glass slides in PBS containing 4% paraformaldehyde at RT for 15 min. Sperm samples were then washed with PBS, blocked with PBS containing 1.5% goat serum and 0.05% Tween-20, incubated with anti-MN7 mouse monoclonal antibody (kindly provided by Dr. K. Toshimori, Chiba University, Japan) [31] at 48C overnight, and reacted with Alexa568-conjugated goat anti-mouse IgG (Invitrogen Japan) and Hoechst 33342 dye. After being washed with PBS containing 0.05% Tween-20, sperm were observed under an IX-71 fluorescence microscope (Olympus, Tokyo, Japan).
Transmission Electron Microscopy
Morphology of testis and cauda epididymal sperm was examined by transmission electron microscopy (TEM) as previously described [32] . WT and D-KO mice were perfused with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), and their testis were postfixed with the same fixation buffer overnight. Fresh epididymal sperm were fixed with 2.5% glutaraldehyde in 0.1 M HASEGAWA ET AL.
phosphate buffer (pH 7.4) for 2 to 4 h. They were then treated with 1% OsO 4 in the same phosphate buffer on ice for 2 h, dehydrated in a graded series of ethanol and propylene oxide, and embedded in Epon. Semithin sections (0.5 lm thick) of the Poly/Bed 812 (Polysciences, Inc., Warrington, PA)-embedded blocks were prepared with a Reichert-Jung ultramicrotome (Leica) and stained with toluidine blue. Thin sections (90 nm thick) were also prepared and stained with a solution of uranyl acetate and lead citrate. Stained sections were observed at 75 kV under an electron microscope (model H-7000; Hitachi, Tokyo, Japan). Images were captured on film, scanned at high resolution, and briefly manipulated (for sizing, brightness, and contrast only) using Adobe Photoshop software (Adobe Systems, Inc., San Jose, CA).
In Vitro Fertilization
In vitro fertilization (IVF) was performed as described previously [33] . ICR mice (8-10 wk old) were superovulated by peritoneal injection of pregnant female's serum gonadotropin (5 units; ASKA Pharmaceutical Co., Ltd., Tokyo, Japan) and human chorionic gonadotropin (hCG, 5 units; ASKA Pharmaceutical Co., Ltd.) 48 h after the injection of gonadotropin. Metaphase II-arrested eggs packed with cumulus cells were collected from the oviductal ampulla 14 h after hCG injection and placed in 90 ll of TYH medium covered with mineral oil. Unless otherwise stated, TYH medium contained 4 mg/ml bovine serum albumin (BSA; Sigma-Aldrich). Fresh cauda epididymal sperm were capacitated by incubation in 0.2 ml of TYH medium for 2 h at 378C under 5% CO 2 in air. An aliquot (10 ll) of the capacitated sperm suspension (1.5 3 10 3 cells/ll) was mixed with 90 ll of TYH medium containing the eggs. After fertilized eggs were incubated at 378C under 5% CO 2 in air, they were treated with bovine testicular hyaluronidase (350 units/ml; Sigma-Aldrich) for 10 min to remove cumulus cells and then fixed with 0.25% glutaraldehyde and 0.2% polyvinylpyrrolidone in PBS. The female and male pronuclei in the eggs were observed with an IX71 model microscope equipped with a DP-12 camera (Olympus, Tokyo, Japan).
Computer-Assisted Sperm Analysis
Cauda epididymal sperm were dispersed in TYH medium free of BSA for 10 min, and an aliquot of sperm suspension was transferred to a counting chamber to examine sperm motility by using HTM-IVOS version 10 software (Hamilton Thorne, Inc., Beverly, MA). The percentage of motile sperm and straight-line velocity (VSL) of at least 100 sperm were evaluated. Computerassisted sperm analysis (CASA) was performed using a standard CASA method with operating parameters recommended by the manufacturer.
Statistical Analysis
Data are represented as means 6 SEM (n ! 3), unless otherwise stated. The Student t-test was used for statistical analysis; significance was assumed for P value of ,0.05.
RESULTS

Pip5k-KO Males Are Infertile
To analyze the physiological significance of PIP5K1A and PIP5K1B in vivo, we generated Pip5k1a-KO, Pip5k1b-KO, and Pip5k1a/Pip5k1b D-KO mice (Supplemental Fig. S1 ). Although Pip5k1b þ/À pairs produced Pip5k1b À/À offspring with the expected Mendelian ratio, the number of Pip5k1a À/À offspring from the Pip5k1a þ/À pairs was smaller than expected (Supplemental Table S2 ). Thus, some of the Pip5k1a À/À pups may have died during embryonic development because of unknown reasons. Despite the distortion in the Mendelian ratio, Pip5k1a À/À pups grew without gross morphological and behavioral abnormalities. The Pip5k1a þ/À /Pip5k1b À/À pairs, as well as the Pip5k1a þ/À pairs, produced a low number of D-KO pups (Supplemental Table S2 ). D-KO mice lacking both Pip5k1a and Pip5k1b (Supplemental Fig. S2A ) as well as the Pip5k1a-KO and Pip5k1b-KO mice were normal in growth and behavior (Supplemental Fig. S2B ).
Routine mating of Pip5k1a-KO males to WT females yielded litter numbers and sizes significantly smaller than those obtained by the WT pairs ( Table 1 ), suggesting that the Pip5k1a-KO males are subfertile. Although litter numbers produced between the Pip5k1b-KO males and WT females were also slightly decreased, no significant differences in litter sizes were found between the WT and Pip5k1b-KO males. D-KO males were completely sterile, despite normal formation of copulatory plugs (data not shown). On the other hand, the weight of the testes in D-KO mice was approximately 25% lower than those in WT mice (Supplemental Fig. S3) . Thus, the infertility of D-KO males may be attributable to defects in spermatogenesis.
Distribution of PIP5K1A and PIP5K1B in Seminiferous Epithelium
To examine expression patterns of PIP5K isozymes in the testis, we prepared polyclonal antibodies highly specific for PIP5K1A, PIP5K1B, and PIP5K1C (Supplemental Fig. S4A ). Western blot analysis using these antibodies indicated that PIP5K1A and PIP5K1B were both present in all tissues examined, whereas PIP5K1C expression was limited to the nervous system (Fig. 1A) . We also examined the abundance of PIP5K1A and PIP5K1B during testicular development (Fig.  1B) . PIP5K1A was found throughout testicular development from Postnatal Days 5 to 60. In contrast, the level of PIP5K1B was very low at Postnatal Days 5 and 10 and increased thereafter. In the mouse, type A and B spermatogonia, leptotene spermatocytes, pachytene spermatocytes, and round spermatids are known to appear in the prepuberal testis at Days 5, 8, 10, 14, and 18 after birth, respectively [34, 35] .
We next carried out immunohistochemical analysis of testicular sections, using anti-PIP5K1A and anti-PIP5K1B antibodies. These two antibodies are capable of specifically recognizing PIP5K1A and PIP5K1B (Supplemental Fig. S4B-E) . PIP5K1A was present in the cytosol of Sertoli cells and elongated spermatids, whereas round spermatids and spermatocytes gave only a relatively weak signal (Fig. 1C) . Elongated spermatids were strongly positive for PIP5K1A and PIP5K1B. In addition, PIP5K1B was present abundantly in Sertoli cells, but the immunoreactive signals were weak in 
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round spermatids (Fig. 1B) . Thus, the distribution of PIP5K1A overlaps that of PIP5K1B, although the pattern is partly different between these two proteins. It is important to note that Leydig cells are also immunoreactive with anti-PIP5K1A and anti-PIP5K1B antibodies (Fig. 1D) . Localization of PIP5K1A and PIP5K1B was dynamically changed in a spermatogenic stage-dependent manner (Fig. 1D) . When the spermatogenic stages in seminiferous epithelium were classified according to Oakberg's definition [36] , PIP5K1A was found in elongated spermatids at all stages. Notably, the maximum level of PIP5K1A in elongated spermatids was at stage VII-VIII. In contrast, the PIP5K1B level in elongated spermatids was very high at stages I-VI and IX-XII and low at stages VII-VIII. Thus, these two PIP5K isozymes are accumulated in elongated spermatids at different stages of the spermatogenic cycle. When KIT receptordeficient W/Wv mouse testis, which contain low levels of spermatogenic cells [37] , were examined, the two PIP5K isozymes were found at levels comparable to those in the WT testis (Fig. 1E) . Moreover, both PIP5K1A and PIP5K1B were present in the caput/corpus and cauda epididymides, whereas epididymal sperm contained only PIP5K1A (Fig. 1F) . On the basis of the data obtained, PIP5K1A and PIP5K1B are widely distributed in spermatogenic, Sertoli, and Leydig cells, despite differences in the pattern of protein accumulation during spermatogenesis.
Requirement of PIP5K1A and PIP5K1B for Spermiogenesis
To examine the requirement of PIP5K1A and PIP5K1B in germ cell differentiation, we histologically analyzed sections of Pip5k-KO testis. No obvious abnormality in the overall structure of differentiating germ cells was found in Pip5k1a-KO and Pip5k1b-KO mice ( Fig. 2; Supplemental Figs. S5 and  S6) . Unexpectedly, the number of elongated spermatids was decreased in the seminiferous epithelium of D-KO mice at stage IV ( Fig. 2A) . Similar results were obtained at stages I through VII (Supplemental Figs. S5 and S6), suggesting that elongated spermatids had disappeared from the seminiferous epithelium following step 13 of spermatogenesis. Although elongated spermatid and sperm were undetectable in the seminiferous epithelia of WT, Pip5k1a-KO, and Pip5k1b-KO mice at stage IX, some sperm were still attached to the D-KO seminiferous epithelium at the same stage (Fig. 2B) . These results suggest that the loss of PIP5K1A and PIP5K1B may result in a defect of the spermiation process in the seminiferous tubule.
We next quantified numbers of elongated spermatids and sperm by using the Triton X-solubilization method ( Table 2 ). The numbers of elongated spermatids and total testicular cells in the Pip5k1a-KO and Pip5k1b-KO testes were similar to those in the WT testis. As expected, D-KO testis contained approximately 20% and 60% of elongated spermatids and total testicular cells found in the WT testis, respectively, consistent with the reduction in testicular weight (Supplemental Fig. S3) .
Moreover, the numbers of cauda epididymal sperm were significantly decreased in the Pip5k1a-KO and D-KO mice. Notably, the sperm number in the D-KO mice was almost 20% of that in the WT mice. These results support the defect of spermiogenesis in the D-KO mice, as described above.
We hypothesized that the decrease of elongated spermatids in D-KO mice resulted from a delay or interruption of the spermatogenic cycle. Contrary to our expectation, the spermatogenic cyclicity in the D-KO mice was adequately maintained ( Fig. 2; Supplemental Fig. S6 ). We also examined proliferation and differentiation of germ cells by using BrdU assay. The number of BrdU-positive cells in the seminiferous tubule was similar among WT, Pip5k1a-KO, Pip5k1b-KO, and D-KO mice at 4 h and 14 days after BrdU administration (Supplemental Fig. S7 ).
F-actin Organization in the Seminiferous Epithelium Is Disrupted by the Loss of PIP5K1A and PIP5K1B
Because PIP 2 as a product of PIP5K has been reported to regulate apical ES structure [28, 38] , we speculated that the decreased number of elongated spermatids in D-KO testis was caused by a defect in the integrity of apical ES. The apical ES is known to use the nectin-afadin adhesion system for Sertoli cell-spermatid interaction, which is supported by F-actin [39] . In this study, F-actin was largely accumulated at the apical ES of seminiferous tubules in WT mice (Fig. 3A) . The intensity of the phalloidin-positive signals was different among the tubules, reflecting the different stages of the spermatogenic cycle. Localization of F-actin in the seminiferous epithelia of Pip5k1a-KO and Pip5k1b-KO mice was similar to that in the WT seminiferous epithelium (Supplemental Fig. S8A-C) . Importantly, most seminiferous epithelia in the D-KO mice showed that the F-actin distribution was different from that in WT mice (Fig. 3B) . F-actin was abundantly present at the apical and basal ESs in the WT mice (Fig. 3, E-J) . However, the strong accumulation of F-actin at the apical ES was not observed in D-KO mice, and F-actin was localized mostly across the epithelium (Fig. 3, K-P) . In addition, the patterns of F-actin distribution were similar in all seminiferous tubules (Fig. 3C) , although the tubules were in different spermatogenic stages ( Fig. 2; Supplemental Fig. 6 ). F-actin was occasionally accumulated around spermatocytes in the D-KO seminiferous epithelium (Supplemental Fig. S8D, green arrowheads) . These results suggest that the deletion of both Pip5k1a and Pip5k1b affects the organization of the actin cytoskeleton in the seminiferous tubules. Organization of the actin cytoskeleton in the seminiferous epithelium may depend on the coordinate action of PIP5K1A and PIP5K1B.
In order to clarify whether the loss of PIP5K isozymes disorganize F-actin at the apical ES, we performed TEM analysis. In contrast to our expectation, F-actin bundles at the apical ES were not obviously affected in D-KO seminiferous tubules (Supplemental Fig. S9) . Thus, the disappearance of elongated spermatids was not likely due to the disorganization HASEGAWA ET AL. 
SIGNIFICANCE OF PIP5K IN SPERMATOGENESIS
of F-actin at the apical ES. The localizations of nectin 3 at the apical ES and occludin and TJP1 (ZO-1) at the basal ES were similar among the Pip5k1a-KO, Pip5k1b-KO, and D-KO mice (Supplemental Fig. S8I-X) , indicating that the integrity of cellcell adhesion at the apical and basal ESs is maintained regardless of the loss of both PIP5K isozymes. TJP1 was also observed at the apical ES in the WT seminiferous tubules (Supplemental Fig. S8U ). This TJP1 localization at the apical ES was reduced in D-KO tubules, probably because of the decrease in the number of elongated spermatids (Supplemental Fig. S8X ).
Defects in Morphology and Motility of Pip5k-KO Sperm
To ascertain whether cauda epididymal sperm of Pip5k1a-KO and D-KO mice exhibited the ability to fertilize metaphase II-arrested eggs, we carried out IVF assays (Fig. 4A) . The WT, Pip5k1a-KO, Pip5k1b-KO, and D-KO mouse sperm were prepared by dispersing them in a capacitation medium. Intriguingly, the swim of D-KO sperm up into the medium was reduced, and some sperm remained aggregated into clumps. Indeed, the number of motile sperm from D-KO mice was significantly decreased (Table 3 ). IVF assays indicated that the cumulus cells were dispersed from the cumulus mass by WT, Pip5k1a-KO, and Pip5k1b-KO sperm. In contrast, the cumulus cell dispersal was not found in D-KO sperm (data not shown). Although the IVF rates of Pip5k1a-KO and Pip5k1b-KO sperm were 22% and 62% of that of WT sperm, respectively, the D-KO sperm completely failed to fertilize eggs (Fig. 4A) . Moreover, CASA revealed that the path velocity and track speed of motile sperm from D-KO mice were much reduced compared to those of WT, Pip5k1a-KO, or Pip5k1b-KO mice ( Fig. 5 ; Table 3 ; Supplemental Movies S1 and S2). These parameters of Pip5k1a-KO motile sperm were slightly reduced.
When morphology of cauda epididymal sperm was analyzed, approximately 16% and 19% of WT and Pip5k1b-KO sperm were abnormal (Table 4 ). In contrast, over 90% of Pip5k1a-KO and D-KO sperm were morphologically abnormal; cauda epididymal sperm were characterized by a bending at the midpiece region of flagellum (Fig. 4 , B and C; Table 4 ; Supplemental Fig. S10 ). More severe abnormality was observed particularly in D-KO sperm, in which the neck was completely snapped or the tails were wound around the heads (Fig. 4B) . On the other hand, the shape of acrosome was not affected by the loss of PIP5K1A and PIP5K1B, as indicated by immunostaining with anti-MN7 antibody (Fig. 4C) . To specify when and where the sperm morphology became abnormal, we counted abnormal sperm in the testis and epididymis (Table 4) . Although the numbers of abnormal testicular sperm were similar among WT, Pip5k1a-KO, and Pip5k1b-KO mice, more than 70% of Pip5k1a-KO caput/corpus epididymal sperm displayed the abnormal morphology, mostly in the midpiece region. Thus, the loss of PIP5K1A results in the abnormal shape of sperm flagellum, which begins to be observed between testis and epididymis. The numbers of abnormal sperm in the testis and caput/corpus epididymis of the D-KO mice were also significantly increased compared with those in the WT mice. As in the case of Pip5k1a-KO mice, the number of abnormal sperm in the testis (34%) was much smaller than those in the caput/corpus (93%) and cauda (94%) epididymides in the D-KO mice.
Flagellum is critical for sperm motility. The structural abnormality of the axoneme, an outer dense fiber or fibrous sheath, results in a defect in sperm motility [40, 41] . In Drosophila sperm, PIP 2 plays an important role in axoneme development, and hence the loss of PIP 2 causes disorganization of the 9þ2 structure of microtubules in the axoneme [42] . In the present study, when TEM analysis was carried out, no abnormality was obviously found in the 9þ2 structures of cauda epididymal sperm among Pip5k1a-KO, Pip5k1b-KO, and D-KO mice (Supplemental Fig. S11 ).
DISCUSSION
This study describes the functional significance of PIP5K1A and PIP5K1B in spermatogenesis. Pip5k1a-KO males are subfertile and D-KO males lacking both Pip5k1a and Pip5k1b exhibit complete infertility ( Table 1 ). The subfertility of Pip5k1a-KO males is caused by reduced motility and abnormal morphology of sperm ( Fig. 4; Tables 2, 3, and 4) , and the complete infertility of D-KO males results from the decrease in sperm number ( Fig. 2 ; Table 2 
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apparent phenotype in spermatogenesis ( Fig. 2; Tables 1, 3 , and 4; Supplemental Figs. S5, S6, and S8). Thus, PIP5K1A and PIP5K1B appear to coordinately play an important role in spermatogenesis.
The apical ES is a dynamic adhesion structure required for differentiation and maintenance of spermatogenic cells, where F-actin plays an important role in the regulation of maintenance and migration of elongated spermatids. [26] . Previous studies have indicated the crucial function of PIP 2 at the apical ES through metabolization by PI3K and phospholipase C and binding to actin-binding proteins [28, [43] [44] [45] . These facts led us to hypothesize that PIP5K1A and PIP5K1B regulate the organization of the actin cytoskeleton at the apical ES to maintain elongated spermatids. Indeed, phalloidin staining of the D-KO seminiferous tubule sections indicated the disorganization of F-actin in the seminiferous tubules (Fig. 3) . However, TEM analysis of D-KO seminiferous tubules revealed no apparent defect in the F-actin bundles at the apical ES (Supplemental Fig. S9 ), suggesting that PIP5K1A and PIP5K1B are dispensable for maintenance of the F-actin structure at the apical ES. Further studies are needed to reveal the causal relationship between abnormal F-actin organization and loss of elongated spermatids in the D-KO seminiferous tubules.
D-KO seminiferous tubules contained some residual sperm at stage IX, suggesting the spermiation is also impaired by the loss of PIP5K1A and PIP5K1B (Fig. 2) . This spermiation failure may be caused by a defect in the formation of tubulobulbar complexes. The formation of tubulobulbar complexes is involved in the disassembly of apical ES during spermiation, and this disassembly of apical ES requires F-actin reorganization and clathrin-mediated endocytosis [46] , both of which can be regulated by PIP 2 formed by PIP5K1A and PIP5K1B.
Our results demonstrated that sperm flagella of Pip5k1a-KO and D-KO mice exhibit abnormal shape ( Fig. 4 ; Table 4 ; Supplemental Fig. 10 ). We hypothesize that based on the phenotypes of Pip5k1a-KO, Pip5k1b-KO, and D-KO mice, PIP5K1A is required predominantly for the maintenance of flagellar shape, whereas the retention of elongated spermatid is regulated by both PIP5K1A and PIP5K1B. If so, the morphological abnormality can be distinguishable from the decreased number of elongated spermatids and sperm. Involvement of PIP5K1A in the maintenance of flagellar shape may be explained by several possibilities, as follows.
Because microtubule organization is critical for flagellar shape, morphological abnormality in the Pip5k1a-KO and D-KO sperm may result from disorganization of the microtubule. However, no obvious differences in microtubule organization of flagellum were found at the TEM level among WT, Pip5k1a-KO, Pip5k1b-KO, and D-KO sperm (Supplemental Fig. S11 ). Although PIP 2 is a well-known regulator of the actin cytoskeleton, phalloidin-staining indicated the absence of fibrous F-actin in the sperm flagellum (data not shown). Thus, it is unlikely that either flagellar microtubule or F-actin is responsible for the abnormal shape of Pip5k1a-KO and D-KO sperm. On the other hand, the acroplaxome, a transient structure that anchors the acrosome to the nucleus, is known to possess F-actin and function in both acrosome formation and flagellar morphogenesis during spermiogenesis [47, 48] . Thus, PIP5K1A may regulate the flagellar shape by PIP 2 -mediated Factin organization at the acroplaxome.
Both PIP5K1A and PIP5K1B abundantly accumulated in elongated spermatids (Fig. 1C) may play a crucial role in the proper organization of F-actin in the seminiferous tubules, although a possible contribution of these isozymes present in Sertoli cells cannot be ruled out. No apparent abnormality was observed in Pip5k1a-KO and Pip5k1b-KO seminiferous tubules, suggesting that PIP5K1A and PIP5K1B function redundantly in the maintenance of elongated spermatids. As described above, PIP5K1A plays a substantial role in sperm morphogenesis. No significant differences in the number of epididymal sperm exhibiting abnormal shape was found between the WT and Pip5k1b-KO mice, whereas more than 90% of Pip5k1a-KO and D-KO cauda epididymal sperm were morphologically abnormal (Table 4) . Notably, the flagellar shape of D-KO sperm was more severely impaired than that of Pip5k1a-KO sperm (Fig. 4) . These data appear to raise the possibility that PIP5K1B functions coordinately with PIP5K1A to maintain sperm morphology, albeit at a very low level. Another possibility is that PIP5K1B compensates for the function of PIP5K1A only when PIP5K1A is absent. At any rate, this study provides evidence for the involvement of PIP5K1A and PIP5K1B in spermatogenesis.
